A Conversational Test for Comparing Voice Systems Using Working Two-way Communication Links
A variety of tasks could potentially be used as the basis for communication between the participants. The most obvious factor in task selection is the requirement of a two-way exchange of information. The exchange should be reasonably natural and interesting enough to keep the participants motivated. In order to control sources of variability due to factors other than system differences, the difficulty of the task itself should vary as little as possible from one test to the next. In this regard, it is also highly desirable for the task to be relatively insensitive to differences in intelligence. Since repeated testing of the same subjects is another useful way of reducing undesirable variance, it is very desirable for the task to be something that can be used repeatedly with the same people, rather than, say, a puzzle whose answer is known once it is solved.
Martin [4] suggested rating the success of telephone transmissions on the basis of the number of requests for repetitions. Laboratory tests of communicability using conversational methods have been extensively developed by the British Post Office and are described in Richards and Swaffield [5] and in chapter 3 of Richards [ 6 ] . The free conversation test (Butler and Kiddle [7] is currently widely used in Britain. Subjects are tested in pairs. Each subject is given one of a pair of photographs taken a short time apart. Their task is to discuss the photographs in order to determine which one came first. At the end of the conversation, they rate the amount of effort required to converse using a single scale with five levels of effort. Usually 12 systems are tested using 12 pairs of subjects, each pair conversing once over each of the systems. The order in which the systems are presented to each pair of subjects is determined by a Latin square design. The results are analyzed using analysis of variance.
The photograph comparison task is very good for motivating a two-way exchange of information, but once the pictures have been seen, they cannot be reused with the same people. This means that in order to do a large number of tests one must either have a large library of photographs or a regular source of new participants. A more serious problem is that even with very careful selection of photographs, some pairs will inevitably be easier to solve than others. The difficulty of task solution also seems to be highly dependent on individual differences in problem solving ability.
The diagnostic communicability test (DCT) (Voiers and Clark [SI) was developed by Dynastat, Inc. and is based on a stock trading game. The set of stocks assigned to each person varies from game to game, so that the same task can be reused indefinitely. This makes it possible to train and maintain a test crew with relatively stable performance, which increases the comparability of tests conducted at different times. The rules for trading are highly structured, and once the game is learned, task difficulty does not vary from game to game and is relatively unaffected by differences in skill or ability.
The test uses a crew of five trained participants who play the game for about five minutes after which each player rates the system on a questionnaire having 15 rating scales. The choice of the number of participants (5) and the rules for trading have been optimized to make maximum use of the communication channel and the participants' time in evaluating the system. The need for five participants does require conferencing capability in setting up the tests and limits the situations in which~the test can be used. It is possible to conduct the test with fewer than five participants, but the stock game becomes uninteresting with only three people and insufferably boring with two. The use of multiple rating scales provides more information about the performance of the system than a single scale would. Communicability scales include such attributes as difficulty in hearing, understanding, and recognizing other talkers as well as background interference. Compensatory behaviors such as talking more carefully, louder, or slower are assessed; and personal reactions include effort, irritation, fatigue, and acceptability.
The NRL Communicability Test was designed to be used in a variety of situations ranging from informal equipment demonstrations to formal evaluation procedures. As in the free conversation test, participants are tested two at a time, but the communication task is a short version of the penciland-paper game "battleship." Since players place their own "ships" for each game, the test requires only a supply of test forms, and it can be used any number of times. A crew of trained subjects can be maintained, as with the DCT. The task is easily learned and can be used with either naive or practiced participants. There are four rating scales to be filled out after the game is completed. A detailed description of the test and recommended test procedures can be found in the Appendix.
The NRL test combines the advantages of previous conversational tests and eliminates the major drawbacks of each test. The battleship game as a conversational task is reasonably interesting, and it can also be reused with the same subjects, whereas the picture comparison task for the FCT requires a new set of pictures for each new test. The picture task also vanes in difficulty from test to test whereas the battleship game does not. The use of only two subjects at a time eliminates the need for conferencing and makes the NRL test more versatile than the DCT. The simpler test procedure and shorter questionnaire also eliminates the extensive training required for the DCT and makes the NRL test easier to use for informal assessments as well as more rigorous comparisons.
RESEARCH WITH THE NRL TEST
A series of experiments was conducted to compare the NRL test with other conversational tests. The conversational tests were all conducted using the NRL test facility.
Test facility: The present test facility has a control station for the experimenter, and can accomodate up to five talker stations for the test participants. A diagram of the test facility is given in Fig. 1 . The five talker stations are isolated from one another by being located in separate rooms or in a sound booth. Each station has a telephone-type handset with a Roanwell Confidencer Model 240-1 00002-653 dynamic microphone. The handsets are wired for push-to-talk, and are controlled by a system of relays simulating a half duplex channel. Only one person at a time has use of the channel. The other stations hear the voice processed through the voice processor being tested while the talker hears only a normal unprocessed, undelayed sidetone. The half duplex setup permits the use of a single processor in loop-around mode for both input and out- put since the signal only has to go in one direction at a time. The control station, operated by the experimenter, can override the talker stations at any time. The control station also has a switching system for changing from one processor to another, which can accomodate up to 12 different processors. Test sessions can be tape recorded for future analysis of the conversations.
A. Experiment I
The first experiment compared the NRL test and the DCT using a small crew of subjects trained on both tests. The final version of the NRL test is slightly different from the one used in these experiments. The players originally placed one ship each in the battleship game; they now use two ships as a result of the outcome of this research. The questions on the first version were the same four tha,t are shown in the Appendix, and there were seven answer categories per question. However, only the. end points for each question were labeled, and the labels used were "Very low" and "Very high" for all questions.
Method: Four voice conditions or systems-three digital voice processors and a clear unprocessed voice channel-were tested. The voice processors were a 9600 bit/s residual excited linear predictive coder (RELP), a 2400 bit/s linear predictive coder (LPC), and a developmental 800 bit/s system. Five NRL employees, two females and three males, were trained on both tests and served as experimental subjects. On the DCT series, all five subjects participated in each test. The entire series consisted of4 tests on each voice processor. The order in which the four systems were tested varied for each sequence according to a Latin square design. For the NRL test series, subjects were tested in pairs, each subject talking once over each system with each of the other subjects. This resulted in four tests per subject per system as in the DCT series. Again, the order in which the processors were tested for each subject pair was carefully counterbalanced over the entire test series.
Results: Each question on each of the two tests was analyzed separately using a two-way analysis of variance with processors as a fixed effect, subjects as a random effect, and test repetitions as replications. jects, and the processor by subject interaction. For comparison purposes, only the four questions common to both tests will be discussed here.
The results of the Newman-Keuls tests are given in Table I . The overall analysis of variance is not sliown as it is the outcome of the comparison of mean scores for processors that is of interest for these tests. Except for the ."Speak Carefully" question on the DCT, the voice systems were all significantly different from one another on all questions. In general, the NRL test provided somewhat greater separation among systems than the DCT. The voice systems that were tested all used very different data rates and were noticeably different in quality. The two conversational tests reflected the expected differences. This outcome illustrates that conversational tests do indeed reflect differences in the usability of different voice systems; the experiments that follow test their ability to distinguish among more closely competing voice processors. It is of interest to note that subjects were able to complete the communication task for both tests with the 800 bit/s system, even though the initial reaction to this system is fiat it sounds terrible.
Variance proportions are shown in Table 11 . The proportion of the total variance accounted for by processor differences is very h i & for both tests. This may in part be a result of the fact that the processors were all so obviously different in quality. On all questions, the NRL test had a greater proportion of variance due to processors than the DCT.
The results of this experiment show that the NRL test is promising as a measure of the usability of voice communication systems. The following experiments give a more detailed comparison of conversational test methods.
B. Experiment II
The next experiments, were designed to compare the performance of the NRL test, the free conversation test, and the diagnostic communicability test.
Ten voice systems were tested using each of the three conversational.bests. In Experiment 11, all three tests were conducted using eight subjects and four trials per subject on each voice processor, a procedure that would be recommended for the DCT. Experiment 111 was conducted according to the procedure recommended for the FCT, using 20 subjects tested one time each on each processor. The voice processors tested covered a broad range of quality and data rates, and there were also groups of processors that could be expected to be very similar in performance.
The sensitivity of each of the tests in discriminating among processors could be compared for each of the test procedures. At the same time, the amount of agreement in the results of the three tests served as a measure of the validity of the various conversational tests and procedures. Method: Table 111 lists the voice systems that were tested and lists DRT scores where these were available. Eight paid volunteers, ,recruited through an advertisement in the University of Maryland student newspaper, participated in the tests. Subjects were tested in two groups of four. Each subject was tested four times on each voice system an each of the three conversational, tests. Subjects came in for four hours three days a week until testing was completed. Each four hour session consisted of several 30-45 min test sets with about 15 min of rest between test sets. Only one of the conversational tests was used in any given set, and the three tests were alternated within test sessions so that any effects of practice or fatigue were balanced across tests. Within each test type, the order in which the voice systems were presented was counterbalanced according to the procedures described in the Appendix, with each 30-45 min test set being sufficient for five voice systems or half of one test order. Within each group of four, all four subjects participated in the DCT tests, while the FCT and NRL tests were conducted with pairs of subjects (partners were changed for different test orders).
Results: An analysis of variance was carried out for each question on each test, and the Newman-Keuls test was used for comparisons among means. One subject was unable to complete the fourth test order for the DCT. The average of her three other DCT scores for each system was used in lieu of a fourth score. Variance proportions were also computed as in Experiment I. In addition to the analyses of individual questions, the four questions on the NRL test were averaged for each answer sheet and the same analyses carried out. The four questions on the DCT that are comparable to those on the NRL test were also averaged and analyzed. These averages were used for comparing the three tests as a whole. Average DCT scores for all questions except "Voice Interference," "Pitch," and "Success of Compensatory Behaviors" were computed and analyzed as well. The results were almost identical to the four question analysis and accounted for somewhat less of the total variance, so the four question analysis was used for comparison purposes.
The results of the Newman-Keuls procedure are shown in Table IV for the one FCT question, the individual NRL test questions, and the four comparable DCT questions.' The average scores on the NRL test and the DCT are compared with the FCT in Table IV . From the average scores, it can be seen that on the whole the three tests agree very well. The voice systems were ranked very similarly on all three tests, ' For convenience in comparing numerical values, the FCT scores (originally 0-4) have been multiplied by 25 to make the scale comparable to the other tests, and those DCT questions for which high scores were assigned to the "bad" end of the scale have been reversed (x' = 100 -x) for comparability with other scales. and reversals occurred only within groupings where there were no significant differences. Although some of the differences among processors did not always reach statistical significance on all three tests, the overall statistical groupings were very similiar, and all three tests differentiated quite well among the various voice systems. The DRT data in Table I11 and informal opinions suggest that processors C, D, and E are indeed very similar in intelligibility and that processor B is only slightly better than these. Processors F, G, and H are different implementations of the same LPC algorithm, and would be expected to be quite similar. Processor J, with a data rate of 2400 bit& was supposed to simulate a digital vocoder, but was clearly not functioning correctly and was next to unusable. It was significantly poorer than even the. 800 bit processor K on the NRL test, but this ranking. was reversed on the FCT. The reason for this is not clear, but it could be the result of a constrained vocabulary on the NRL battleship task and DCT compared to an unconstrained vocabulary on the FCT picture task.
Individual test questions gave very similar results to the average scores (see Table V ). Since all of the questions were highly correlated (as will be seen below) this is not surprising.
In general NRL test and FCT questions seem to give better discrimination ainong systems than DCT questions. The remaining DCT questions were also analyzed, and all except the "Difficulty Understanding" question (which was almost identical to the "Unnatural Quality" question) gave poorer discrimination than the questions that are shown here.
The proportion of, experimental variance accounted for by the effect of p.rocessors, subjects and the processor by subject interaction, is given in Table VI both for individual questions and for average scores.
In general, one can expect a test to be a better measure of differences among voice processors if a larger proportion of the total variance is attributable to processor differences rather than to individual subject differences or to idiosyncratic subject by processor effects. However, the test .design using repeated measures on the same subjects does permit individual subjects effects to be partitioned out. Since the interaction term is the appropriate denominator for the F ratio for the processor effect in the mixed model, the significance tests will be negatively biased if there is a large subject by processor interaction. The analyses of variance showed no significant interaction effect for the FCT or the NRL test, but a number .
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* DCT questions equivalent to questions on NRL test
of DCT questions did have significant interaction effects-and correspondingly higher variance proportions. On the whole, both the FCT and the NRL test had greater processor effects than the DCT and smaller interaction effects, but when DCT scores were averaged over the four equivalent NRL questions, the DCT compared more favorably with the other two tests. Some of the questions asked on the DCT may be difficult for the subjects to evaluate consistently. For the NRL test the average score is probably the best overall evaluation.
Exp vim en t Iii
Method: The test procedure was the same as in the preceding experiment, except that 12 additional subjects were tested once on each processor on each of the three tests. One subject was unable to complete testing, and one set of DCT scores is missing from the data. The first set of scores on each test from the eight subjects in the preceding experiment were also used giving a total of 20 subjects for the NRL test and FCT and 19 subjects for the DCT. The order in which the processors were presented was appropriately counterbalanced for each test.
Results: Newman-Keuls tests and variance proportions were computed as in the preceding experiment. The results of the Newman-Keuls test are shown in Table VI1 for overall scores and for the effort question that was common to all three tests (other results were similar). The variance proportions (Table  VIII) attributable to processor and subject effects for the FCT and the NRL test were very similar to the preceding experiment. The DCT, on the other hand, gave poorer discrimination among processors on this test and had a smaller proportion of the total variance attributable to the effect of processors.
Since the DCT had larger interaction effects in the preceding experiment, this may have had a deleterious effect in the present experiment with only one test per subject where error and interaction are confounded. The NRL test and the FCT performed somewhat better as conversational tests than the DCT in both experiments. The NRL test seems to be somewhat better with multiple measures on a smaller set of subjects, and the FCT seems to be better with single tests on a larger number of subjects, but these small difference may just be due to normal variation.
At the end of the testing, the subjects were given a questionnaire asking them to rate the three tests or to comment on them. Results are shown in Table IX for those subjects who V a r i a n c e P r o p o r t i o n Q u e s t i o n r s FCT E f f o r t .59
.10
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.53 .18
DCT ( A v e r a g e o f 4 q u e s t i o n s ) .46 .27 gave numerical ratings. Although they thought the FCT was the most interesting test to take, and the NRL test almost as interesting, they found the questions on the NRL test and the DCT better for evaluating the processors. All tests gave sufficient talking time for an adequate evaluation except on the rare occasions on the NRL test when a player's ship was sunk immediately.
This has been corrected in the present version by assigning two ships to each player, thus lengthening the minimum time to complete a game.
Because the grid is small, the average game time and maximum game time are not very much increased by this change.
Correlations, Pearson's r , were computed by matching individual subject scores for each question with every other question on all three tests. Correlations are shown in Table X . The questions on the NRL test and the corresponding DCT questions are highly correlated with the FCT. All of the NRL 
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Game i n t e r e s t 7.6 8.1 5.5 questions are very highly correlated with one another, suggesting thqt they measure essentially the same thing. The high correlations among questions on the same test are also influenced by the "halo effect" (the tendency for subjects to mark every question high when they like a system and low when they do not). On the DCT, many of the correlations are not as high. The questions that show low correlations with the other two tests tend to be the same ones that have poor discrimination among systems and small variance components due to processors. This suggests that while these questions may measure something not measured by the other questions, whatever they measure is also not very important for distinguishing among the voice processors.
Scoring and Data Analysis: Numerical values are assigned to 
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Acceptabllity IV. SUMMARY AND CONCLUSIONS Three conversational tests for the evaluation of voice communication systems were compared. The rank ordering of the voice processors that were tested and the general statistical grouping of the processors was quite similar for all three tests. The overall results were reasonable when related to the data rates of the various voice systems and agreed well with what might be expected given the DRT intelligibility scores for the same processors. These results indicate that conversational tests can be a useful method for comparing voice systems.
On the whole, the NRL test and the FCT provided somewhat better discrimination among systems than the DCT. The DCT with its requirement for conferencing capability to accommodate the four or five subjects needed for each test may also be more difficult to administer readily. The major advantage of the DCT is that with more questions on the rating form, it provides more detailed information about the voice systems. However, the questions that provide the best discrimination among systems are highly correlated with one another, and probably measure much the same thing. The questions that have a lower correlation with the "best" questions may provide information about different aspects of the voice systems, but they provide less discrimination among systems. The questions on the NRL test are all highly correlated with one another and probably do not provide much more information than the single question on the FCT. However, the subjects felt that they could give a more complete rating with the NRL test than with the single FCT question. Averaging the four NRL test questions gives excellent discrimination among systems, and scores on the individual questions will provide at least some additional information about the systems. Subjects tended to prefer the answer format of the NRL test with seven categories to choose from. They found that the five categories on the FCT gave them too few choices and the continuous scale on the DCT gave them too many.
The NRL test and the DCT can both be used as many times as desired with the same subjects, which is a distinct advantage if the potential pool of subjects is small. The FCT requires constant renewal of either the picture pairs or the subject pool. In laboratories where frequent testing is required, it might be advantageous to hire a semipermanent crew of subjects, and for this the NRL test or the DCT would be more useful. The FCT also represents a more unconstrained conversational environment in that the vocabulary i s more extensive and the information exchange is considerably less structured than the other two tests. Communication requirements in real world situations also vary from highly structured, limited vocabulary contexts to unstructured,unlimited vocabulary contexts. It is interesting that both the structured and unstructured tests gave very similar results. This suggests that a single test can be used to evaluate the voice systems, and that the requirements of the communication context should be used to set standards for the type of system to be selected, i.e., a constrained context with a very small vocabulary can tolerate more degradation than an unconstrained context.
A two-way communicability test is a measure of voice system usability. The NRL Communicability Test is versatile and requires little training. It provides at least as good discrimination among voice systems as other conversational tests and is easier to administer.
APPENDIX
The NRL Communicability Test was designed as a two-way conversational test for evaluating the usability of voice communication systems. The test uses a short version of the pencil-and-paper game battleship as the communication task. In this game, players place "ships" on a grid and then attempt to sink one another's ships by taking turns "shooting" at specified squares on the grid. The test form and the playing instructions are shown in Fig. 2 and Fig. 3 . After completing T u r n s a l t e r n a t e , e a c h t u r n c o n s i s t i n q o f one "shot". To shoot, you specify a c e l l i n t h e g r i d ( A l f a -2 , C h a r l i e -1 , D e l t a -4 , e t c . ) .
Your opponent marks the s p e c i f i e d c e l l , and t e l l s y o u w h e t h e r it was a " h i t " o r a " m i s s " . Keep t r a c k o f y o u r s h o t s i n t h e r i g h t -h a n d g r i d ( b e i n g s u r e t o mark which ones are "hits"), and keep t r a c k o f y o u r o p p o n e n t ' s s h o t s a t y o u i n t h e l e f t -h a n d g r i d .
P l a c e y o u r s h i p s i n t h e l e f t -h a n d g r i d , and t e l l y o u r opponent when you are r e a d y t o b e g i n .
A f t e r t h e game, please answer the questions at the bottom of the page Fig. 3. Instructions for the communication task. the communication task, the participants fdl out the questions at the bottom of the form as their evaluation of the voice system over which they were talking.
The test is relatively short-usually about five minutesand can be used for demonstrations or informal evaluations as well as for more rigorous comparisons of voice processing systems. The controlled test procedures described below are recommended when the test is to be used as an evaluation tool for comparing voice communication systems.
Subjects: The subjects who participate in the tests should be reasonably naive about the voice systems to be tested. Clearly they should not be people involved in the design or development of these systems. Whether or not subjects who have been in previous tests should be tested repeatedly is a more difficult question. It has been our experience that over time subjects become more tolerant of the poorer systems and tend to give them higher ratings than they did initially. On the other hand, it can also be argued that a trained and experienced group of subjects may be more consistent in their responses. The optimum number of tests for good resolution without excessive testing is either six subjects tested four times each on every voice system or eight subjects tested three times each. Alternatively, if eight subjects are tested four times each, this makes it possible to eliminate up to two subjects if they are clearly performing erratically. If only a few subjects are available, four subjects tested six times can also be used.
Training and Reference Systems: In order to familiarize subjects with the test procedure and with the type of voice systems to be expected, six training trials are recommended before the start of testing.
The voice systems used for training should preferably span a broad quality range. We have found that using one ideal system, one very low quality system and one of moderate quality, with two training tests on each of these, gives subjects a good reference frame for the subsequent test series. These same three reference systems are also included in every test series and help to provide some comparability with tests conducted at different times.
A laboratory that conducts tests regularly could use a larger set of reference systems and standardize scores based on the scores given the reference systems.
Test Design and Procedure: Subjects are tested in pairs. If possible subjects should change talking partners for each new test set. Each pair is tested once on each of the voice systems. The order in which the voice processors are presented should be different for each test set. Table XI gives one possible set of assignments of talking partners for different numbers of participants. Table XI1 gives orders for testing voice systems that are as close to balanced as is possible for the number of tests and number of voice systems to be tested (i.e., the series for 12 systems constitutes a Latin square design, and two Latin squares are used for the six system series).
Subjects are isolated from one another, either in sound booths or in separate quiet rooms. Each testing session should last no more than 30-45 min, and subjects should be permitted about 15 min rest between sessions. This means that about 5-8 systems can be tested in a single session, and if there are more systems than this in a test set, each set should be broken into two sessions. 
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In this case the MS error for processors is MS interaction, the appropriate "error" term for the F test; y1 is the number of scores going into each treatment mean (Le., number of subjects times number of tests per subject); and qa is the value of the studentized range statistic for the desired significance level a at the degrees of freedom for the denominator in the relevant F ratio, and the distance between ordered means (the system means ordered from highest to lowest).
Comparisons among voice systems should generally be confined to systems tested in the same test series. One cannot expect exactly the same scores in a new test series with a different set of subjects, even though rankings and relative scores ought to be very similar. Overall ACCEPTABILITY of the system
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